Introduction
Animal-source cholinesterases are prevalent enzymes present in body fluids and cholinergic as well as noncholinergic tissues.
1−3 Cholinesterase inhibitors are important for treatment of various diseases like organophosphate poisoning, 4 myasthenia gravis, glaucoma, and promisingly Alzheimer's disease (AD).
5,6
AD is a neurodegenerative disorder that is attributed to a deficit in acetylcholine (ACho) 7 among other neurotransmitters, which affects the elderly population. The most prevalent strategy to treat AD is based on the cholinergic hypothesis and cholinesterase inhibitors, which enhance the level of ACho at cholinergic synapses.
8,9
Acetylcholinesterase (AChE; C. 3.1.1.7) and butyrylcholinesterase (BChE; E.C. 3.1.1.8) represent 2 main classes of cholinesterases on the basis of their specificity, behavior to substrate, and vulnerability to inhibitors. AChE and BChE are specific in their tissue distribution. AChE is profuse in the brain, erythrocyte membrane, and muscle, whereas BChE is distributed in the liver, intestine, heart, kidney, and lungs. 10, 11 AChE catalytic activity involves acylation or deacylation of serine moiety present in the active center, which consists of 2 subsites, i.e. esteratic and anionic. 12 It has been demonstrated that AChE activity involves allosteric regulation of the ligand binding to an anionic site. 13 BChE favorably acts on butyrylcholine (BCho) as a substrate but also hydrolyzes ACho.
14,15
At present, tacrine, donepezil, galantamine, and rivastigmine are the most frequently prescribed anticholinesterase drugs. 16 However, they have adverse effect profiles and some toxicity. Therefore, there is a great need for cholinesterase inhibitor drug candidates with high potency and reduced toxicity. Recently, a number of active compounds have been identified with potential therapeutic activity against cholinergic disorders.
17
The present work is a continuation of our successful efforts for the synthesis of potentially bioactive compounds bearing the piperidine nucleus. 18 The reported derivatives were found to be potent against AChE and BChE. Molecular docking studies were carried out to rationalize these activities at molecular level and to identify the binding patterns and affinities of ligands in the binding pockets of AChE and BChE. Binding models of compounds 4g, 4m, 4i, and 4n are shown in Figure 1 (a-d), which were the most potent compounds of this series.
Experimental

General
Melting points of the synthesized compounds were recorded on a Griffin and George melting point apparatus by open capillary tube and were uncorrected. Purity was checked by thin layer chromatography (TLC) on precoated silica gel G-25-UV 254 plates with different polarity solvent systems using ethyl acetate and n-hexane giving a single spot. Identification of spots was carried out at 254 nm with a UV lamp, and by ceric sulfate reagent. The IR spectra were recorded by KBr pellet method on a Jasco-320-A spectrophotometer (wave number in cm −1 ).
1 H-NMR spectra were recorded in CDCl 3 on a Bruker spectrometer operating at 300 MHz. Chemical shifts are given in ppm taking TMS as reference. Mass spectra (EIMS) were recorded on a JMS-HX-110 spectrometer, with a data system (Scheme).
Preparation of ethyl 1-(phenylsulfonyl)piperidine-4-carboxylate in aqueous media (1)
Ethyl piperidine-4-carboxylate (a; 20.0 mL, 10.0 mmol) was suspended in 50 mL of water and the pH was maintained at 9.0 during the whole reaction by adding basic aqueous solution of Na 2 CO 3 (5%) at 0-5
Then benzenesulfonyl chloride (b; 29.0 mL, 10.0 mmol) was slowly added over 10-15 min. After complete addition of b, the temperature was allowed to rise slowly to 30
• C. The reaction mixture was stirred and monitored with TLC. After the reaction was finished, conc. HCl (2.0 mL, 11 M) was added slowly to adjust the pH to 2.0. The precipitate was filtered, washed with distilled water, and dried to afford the off-white solid compound 1. 
Preparation of 1-(phenylsulfonyl)piperidine-4-carbohydrazide (2)
Ethyl 1-(phenylsulfonyl)piperidine-4-carboxylate (1; 0.03 mol, 10 g) was dissolved in 50 mL of methanol as solvent in a 250-mL RB flask and the mixture was cooled to 0-5 • C. Then 30.0 mL of hydrazine hydrate (80%)
was added dropwise to the reaction mixture and the solution was stirred for 1 h at 0-5 • C. Reaction completion was monitored by TLC until a single spot was obtained. After the reaction was finished, excess solvent was removed from the reaction mixture by distillation and white crystalline product 2 was formed, filtered off, and washed with n -hexane. 1-(Phenylsulfonyl) piperidine-4-carbohydrazide (2; 0.2 g, 0.007 mol) was suspended in 10.0 mL of water and the pH was maintained at 9.0 by adding basic aqueous solution of a Na 2 CO 3 at 0-5 • C. Then the alkyl/alkylaryl/aryl sulfonyl chlorides (3a-n; 0.007 mol) were slowly added to the reaction mixture. After the addition was finished, the temperature was allowed to rise slowly to room temperature. The reaction mixture was kept on stirring for 2-3 h and was monitored via TLC until a single spot was obtained. Then conc. HCl (around 0.5 mL) was slowly added to adjust the pH to 2.0. The formed precipitate was filtered and washed with distilled water to afford the title compounds 4a-n on drying. Recrystallization was performed using methanol. 
Cholinesterase assays
The AChE and BChE inhibition activities were determined according to the spectrophotometric method All the measurements were executed in triplicate and statistical analysis was performed using Microsoft Excel 2010. Results are presented as mean ± SEM.
Molecular docking
The AChE crystal structure (PDB accession code, 1B41 ) 22 was retrieved from the Protein Databank (PDB).
The missing residues in the crystal structure were constructed by using the program UCSF Chimera 1.6.16.
23
The pdb file (PDB accession code, 2WID) was retrieved from the protein databank and its missing residues were constructed by aligning it to the other pdb file (PDB accession code, 1P0P ). All water molecules were removed from the retrieved crystal structures using the program Visual Molecular Dynamics, VMD 1.9. 24 Both AChE and BChE were allowed to dock to experimentally synthesize 16 active compounds including parent compounds. The 3D structures of all compounds were constructed in pdb format and subsequently optimized at semiempirical RM1 level of theory using by the programs Gabedit 25 and MOPAC 2012, 26 respectively.
The docking study of all compounds was accomplished by the software AutoDock Vina, 27 using the builtin Lamarckian genetic algorithm method. A total of 20 runs were performed for each docking and rests of parameters were set to default values.
The search space was restricted to a grid box size of 46 × 46 × 46 in the x, y, and z dimensions, respectively, centered on the binding site of protein with x, y, and z coordinates of 120.491, 106.059, and -136.443Å, respectively. All the docking runs were performed on Intel Core i5-2410M CPU @ 2.30 GHz of Sony origin, with 6.0 GB DDR RAM. AutoDock Vina was compiled and run under the Windows 7 Professional 64-bit operating system.
Result and discussion
Chemistry
In the present work, N ′ -(aryl/alkylsulfonyl)(1-(phenylsulfonyl)piperidine-4-carbohydrazide derivatives were prepared in a 3-step synthesis. Then they were screened against AChE and BChE enzymes. The parent compound, ethyl-1-(phenylsulfonyl)piperidine-4-carboxylate (1) was prepared by the reaction of ethyl piperidine-4-carboxylate (a) and benzenesulfonyl chloride (b) at dynamic pH control in aqueous media.
28−32
The reaction was processed in basic media at pH 9 to neutralize the hydrochloric acid developed by sulfonyl chloride during the reaction. The produced acid suppresses the nucleophilic character of the amine by capturing the lone pair of nitrogen, thus rendering the corresponding salt and influencing also the rate of reaction. At the end, the reaction medium was acidified to remove the unreacted amine in the form of salt and also to convert the salt form of sulfonamide into acidic form. The excess of acid should be restrained because it lessens yield due to another salt formation of sulfonamide. Further, the compound (1) was converted to 1-(phenylsulfonyl)piperidine-4-carbohydrazide (2) by refluxing with hydrated hydrazine (80%) in methanol as solvent for 3-4 h. The product was collected by filtration after the evaporation of half of the solvent. The third and last step comprises the synthesis of all derivatives 4a-n by coupling 2 with the different alkyl/aryl sulfonyl chlorides (3a-n) in the aqueous media under low basic pH. The final products were filtered off after acidifying the reaction mixture. The structures of the synthesized compounds 1, 2, and 4a-n were elucidated by spectral data as described in the experimental section. The physical data of the synthesized compounds are provided in Table 1 . C-H (aromatic stretching), C-H (aliphatic stretching), C=O (stretching), C=C (aromatic stretching), and S=O (stretching of sulfonyl group), respectively. The EI-MS gave characteristic peaks at m/z 224 and 156, which were attributed to the loss of (phenylsulfonyl)piperidine and benzene sulfonamide groups, respectively. In the aromatic region of the 1 H-NMR spectrum, signals appearing at δ 7.78 (dd, J = 7.8, 1.8 Hz, 2H, H-2', H-6') and 7.66-7.63 (m, 3H, H-3' to H-5') were assigned to the benzenesulfonyl ring. In the aliphatic region of the 1 H-NMR spectrum, signals appearing at δ 3.79 (t, J = 3.6 Hz, 2H, H eq -2', H eq -6'), 3.75 (t, J = 3. H-5) indicated the presence of a piperidine nucleus in the molecule. One signal emerging at δ 7.85 as a singlet was specified for the proton of nitrogen directly attached to the carbonyl group. On the basis of these data, the structure of 2 was assigned as 1-(phenylsulfonyl)piperidine-4-carbohydrazide. Similarly, the structures of other compounds were characterized by 1 H-NMR, IR, and mass spectral data as described in the experimental section. 
Biological assay and docking analysis
In order to elucidate the probable mechanism by which the title compounds could induce anticholinesterase activity and to rationalize the ligand-protein interaction at molecular level for establishing structure activity relationships, molecular docking of the potent inhibitors from a series of compounds was accomplished into the receptor site of the crystal structures of AChE and BChE. The highly potent compounds from the series were selected on the basis of IC 50 , which was determined experimentally. The enzyme inhibition data are provided for all the synthesized compounds in Table 2 . Compounds 4g and 4m were found to be the most active against AChE and compounds 4i and 4n against BChE among the series of the compounds. Their candidacy of being highly potent was also supported by docking score as these compounds had good binding energy with the respective proteins. Compounds 4g and 4m had docking scores of -10.00 kcal/mol and -11.60 kcal/mol, respectively, against AChE as compared to the reference inhibitor, eserine, i.e. -7.10 kcal/mol. Compounds 4i and 4n had docking scores of -9.80 kcal/mol and -11.50 kcal/mol, respectively, against BChE as compared to the reference inhibitor, eserine, i.e. -7.50 kcal/mol. The binding energies of the highlighted compounds are given in Table 3 . Compounds 4g and 4m were the most active against AChE with IC 50 values of 58.91 ± 0.14 µ M and 64.11 ± 0.04 µ M, respectively, with respect to the reference standard eserine, having an IC 50 value of 0.04 ± 0.0001 µ M. The binding models of compounds 4g and 4m in the active site of AChE are depicted in Figure  1 (a and b, respectively) . Compound 4g was nicely bound to AChE through H-bonds involving amino and amido groups projecting toward the hydroxyl oxygen of Tyr124 (2.59Å) and Tyr337 (3.84Å). The oxygen of both sulfonyl groups formed H-bonds with the backbone nitrogen atom of Gly122 (3.08Å) and Phe295 (3.70 A). Protons of methyl group of mesitylene were also involved in H-bonding with carboxylic oxygen of His447 (3.02Å). There are 2 π − π interactions among Trp86, Trp286, and the inhibitor (Figure 1a) . Compound 4m was well bound to the AChE with its oxygen atoms of the sulfonyl group projecting toward the amino group of Gly122 (3.15Å) and His447 (4.55Å), the protons of amino and amido groups bound to oxygen atoms of hydroxyl groups of Tyr124 (3.21Å) and Tyr337 (3.31Å). Trp86 and Trp286 formed 2 π − π interactions with the inhibitor (Figure 1b) . The binding of ligands with common residues Tyr124, Tyr337, Gly122, and His447 is vital for their activities as AChE inhibitors. All these residues were found in the binding model of both 4g and 4m compounds, making them highly potent for AChE (Table 3) .
Compounds 4i and 4n were the most potent inhibitors of BChE with IC 50 values of 48.91 ± 0.11 µM and 44.52 ± 0.12 µ M, respectively, with eserine, the reference standard having IC 50 value of 0.85 ± 0.0001 µ M. The binding models of compounds 4i and 4n in the active site of BChE are depicted in Figure 1(c and d, respectively). Compound 4i is bound to the BChE in an adequate manner through its amino group projecting toward the hydroxyl oxygen of Tyr 332 (2.89Å) and oxygen atoms of the sulfonyl group projected toward the amino group of Gly 117 (3.72Å) and Ser 287 (4.08Å). The bromine at the para position of the benzene ring is bound to the amino group of His438 through weak electrostatic interactions. Three π − π interactions were formed among Trp82, Trp231, Phe329, and Phe398 and the inhibitor (Figure 1c ). Compound 4n is nicely bound to BChE through its amino group with hydroxyl oxygen of Tyr332 (3.04Å) and the oxygen atoms of the sulfonyl group are bound to the amino group of Gly117 (3.69Å) and Leu286 (4.22Å). There are 3 π − π interactions between Trp82, Trp231, Phe329, and the inhibitor (Figure 1d ). The binding of ligands with common residues Tyr332, Gly117, Trp82, Trp231, and Phe329 is vital for their activities as BChE inhibitors. All these residues were found in the binding model of both 4i and 4n compounds, making them rather potent for AChE (Table 3) .
Conclusion
The synthesis of this series of compounds bearing a heterocyclic moiety of piperidine and 2 different functionalities involving sulfonamide and amide linkages was proved to be highly active due to remarkable inhibitory action for AChE and BChE enzymes. In this study, insights into the interaction of cholinesterase with synthesized inhibitory compounds were elucidated through the use of molecular docking. AutoDock was used to model the interaction between cholinesterase (AChE and BChE) and its inhibitors. The results revealed that Tyr124, Tyr337, Gly122, and His447 and Tyr332, Gly117, Trp82, Trp231, and Phe329 residues were important for the interaction of inhibitors with both AChE and BChE. The knowledge accomplished with this study has important implications for the design of new AChE and BuChE inhibitors. To further enhance the anticholinesterase efficiency of piperidine bearing sulfonamides, further structural modifications of existing scaffolds or development of new structures is a promising venue to explore.
